Abstract: The tongue can move freely and is important in oral motor functions. Tongue movement must be coordinated with movement of the hyoid, mandible, and pharyngeal wall, to which it is attached. Our previous study using isolated brainstem-spinal cord preparations showed that application of N-methyl-Daspartate induces rhythmic activity in the hypoglossal nerve that is coincident with rhythmic activity in the ipsilateral trigeminal motor nerve. Partial or complete midline transection of the preparation only abolishes activity in the trigeminal motor nerve; therefore, the neuronal network contributing to coordinated activity of the jaw/tongue muscles is located on both sides of the preparation and sends motor commands to contralateral trigeminal motoneurons. Arterially perfused decerebrate rat preparations exhibit stable inspiratory activity in the phrenic nerve, with efferent nerves innervating the upper airway muscles (the hypoglossal nerve, a branch of the cervical spinal nerve, the external branch of the superior laryngeal nerve, and the recurrent laryngeal nerve) under normocapnic conditions (5% CO 2 ). During hypercapnia (8% CO 2 ), pre-inspiratory discharges appear in all nerves innervating upper airway muscles. Such coordinated activity in the pre-inspiratory phase contributes to dilation of the upper airway and improves hypercapnia.
Introduction
The tongue is important in various oral motor functions, including suckling, chewing, swallowing, respiration, and speech (1) (2) (3) . The tongue consists of intrinsic and extrinsic muscles-the fibers of which are extensively intermingled within the tongue body-and its innervation is complex. Furthermore, only one end of each extrinsic muscle is attached to the hyoid bone, mandible, styloid processes, soft palate, or pharyngeal wall (4) , so that the tongue can move freely. The hyoid, mandible, and pharyngeal wall to which the tongue attaches are also mobile. Thus, tongue movement is affected by and must be coordinated with movements of these structures (1) (2) (3) 5) during oral motor functions. This review describes the neural mechanisms underlying coordination between the activity of motor nerves innervating the tongue and jaw muscles during suckling-like activity, which was investigated by using neonatal mice brainstem-spinal cord preparations. In addition, coordination of activity of motor nerves innervating upper airway muscles, including the tongue, during respiration was investigated in situ in arterially perfused decerebrate rat preparations.
Coordination of activity in the hypoglossal nerve and trigeminal motor nerves during suckling-like movement
Isolated brainstem-spinal cord preparations obtained from neonatal animals have been used to investigate control of respiration (6,7) and suckling (8) . Oxygen, carbon dioxide gases, and metabolites are exchanged with superfusate by diffusion through the surfaces of preparations. Although PO 2 and pH in the preparation decrease from the surface toward the core of the preparation (9), brain motor functions such as respiration and suckling are retained over several hours. Furthermore, because this preparation does not require vascular perfusion to maintain viability, lesion-induced injury of blood vessels in a certain region of the preparation, which is used to examine brain function, does not affect the viability of the preparation.
Katakura et al. (8) reported that application of N-methyl-D-aspartate (NMDA) induced suckling-like rhythmic activity of the hypoglossal nerve (HGN) in neonatal rat brainstem-spinal cord preparations. However, we found that rhythmic activity can be induced more consistently in different efferent nerves in preparations obtained from mice, as previously reported (10) . Using neonatal mice brainstem-spinal cord preparations, we investigated the nature of coordinated suckling-like activity in the trigeminal motor nerve (TMN) and HGN, as well as left/right coordination of TMNs, induced by NMDA application (11) .
Bath application of NMDA (20 µM) induced highly synchronous low-frequency (≈0.8 Hz) rhythmic activity in the left and right TMNs within several minutes after NMDA application. Later, low-frequency rhythmic activity on both sides gradually decreased and was overridden by high-frequency rhythmic activity (≈2.7 Hz) on both sides. These high-frequency rhythmic activities on both sides were independent of each other. NMDA application also induced low-frequency rhythmic activity in the HGN, which was synchronous with ipsilateral low-frequency rhythmic activity in the TMN (Fig. 1Ba) . Rhythmic HGN activity gradually became faster; however, high-frequency activity did not appear in the HGN (Fig. 1Bb, left) . When we averaged TMN activity during emergence of high-frequency rhythm with the onset of a rhythmic burst of the HGN, the fraction of low-frequency rhythm appeared, and was synchronous with rhythmic HGN activity (Fig. 1Bb, right) . Therefore, two different neuronal networks are likely present: one that generates low-frequency rhythmic activity and sends its synchronous command to the TMN and HGN, and one that generates high-frequency rhythmic activity that is independent of TMNs on both sides.
To determine whether the neuronal network generating the low-frequency rhythmic activity is present on both sides of the brainstem, we examined the effects of complete midline transection of the preparations on rhythmic activity. Complete separation abolished low-frequency rhythmic activity in the TMN on both sides; however, low-frequency rhythmic activity could be induced in the HGN. In contrast, high-frequency rhythmic activity still appeared in the TMN on both sides after separation. However, we could not identify any slow components in the TMN activity that were synchronous with ipsilateral low-frequency HGN activity.
As was the case for complete separation, partial midline transection of the preparation from the anterior inferior cerebellar artery to the junction of the vertebral artery also abolished low-frequency rhythmic activity in the TMN on both sides, while sparing low-frequency HGN activity ( Fig. 2Ca) . High-frequency rhythmic activity also appeared independently in TMNs on both sides (Fig. 2Cb , left). No slow rhythmic components synchronous with ipsilateral rhythmic HGN activity were observed in TMN activity (Fig. 2Cb, right) . In contrast, midline transection of the brainstem at a more caudal level did not affect rhythmic activity in TMNs on either side or in the HGN. Therefore, neuronal networks generate low-frequency rhythmic activity on both sides of the brainstem. Furthermore, inputs from the network are sent contralaterally to trigeminal motoneurons across the midline at the level from the anterior inferior cerebellar artery to the junction of the vertebral artery, whereas inputs are sent to the ipsilateral hypoglossal motoneurons (Fig. 3) . Interestingly, a modified monosynaptic rabies virus-based transsynaptic tracing strategy showed that extensive axon collaterals of premotor neurons for the jaw-closing masseter muscle and tongue-protruding genioglossus muscle crossed the midline in a similar region in the brainstem (12) . It is unclear why low-frequency rhythmic motor command is sent contralaterally to trigeminal motoneurons; however, it has been reported that motor commands from the central pattern generator for respiration are sent contralaterally to the phrenic or external intercostal motoneurons via respiratory neurons located in the nucleus retroambiguus (13) (14) (15) (16) . Such a neuronal network may help coordinate jaw and tongue movements during suckling.
Respiratory hypoglossal nerve activity coordinated with motor nerves innervating the upper airway muscles
The patency of the upper airway during inspiration is important in air ventilation. Various muscles, including the tongue muscles, infrahyoid muscles, cricothyroid and inferior pharyngeal constrictor muscles, and laryngeal abductors and laryngeal adductors, are likely involved in securing the patency of the upper airway. Isolated brainstem-spinal cord preparations obtained from neonatal animals are too small to analyze coordination of these muscles, and it is difficult to develop this type of preparation with added orofacial structures. Although the activity of several muscles can be recorded simultaneously in an anesthetized animal, anesthesia depresses respiratory rhythm and the activity of respiratory neurons. Furthermore, anesthesia more readily affects activity of upper airway muscles than activity of the phrenic nerve (17, 18) . In contrast, in situ arterially perfused decerebrate rat preparations, in which oxygenation of the brainstem has been maintained by arterial perfusion with oxygenated Krebs solution, are not influenced by the depressant effects of anesthesia. In such preparations, respiratory rhythms (19) and firing patterns of the medullary respiratory neurons (20) are similar to those of adult in vivo mammal preparations. Thus, we used this experimental model to examine respiratory motor activity during normo-and hypercapnia in efferent nerves innervating the upper airway muscles, such as the HGN innervating the tongue; the first, second, and third cervical spinal nerves (CN) innervating the infrahyoid muscles; the external branch of the superior laryngeal nerve (SLN) innervating the cricothyroid and inferior pharyngeal constrictor muscles; and the recurrent laryngeal nerve (RLN) innervating the laryngeal abductors and laryngeal adductors (21) .
Under normocapnic conditions (5% CO 2 ), stable inspiratory activity of the phrenic nerve (PN)-which innervates the main inspiratory muscle, the diaphragmspontaneously occurs at a frequency of ≈0.3 Hz in the perfused preparations (21) . The integrated PN activity exhibited an augmenting pattern ( Fig. 4A, left; Fig. 4B , ∫PN gray trace), as was reported for the in vivo preparation (22) . HGN, CN, SLN, and RLN discharges occurred with the PN discharge; however, their onsets slightly preceded onset of the PN discharge (Fig 4B) . Thus, to ensure smooth inspiration, the upper airway starts to enlarge just before contraction of the diaphragm.
When the CO 2 concentration in the perfusate is switched from 5 to 8% to achieve hypercapnic acidosis, the activity of all recorded motor nerves drastically changed in our perfused preparations. The amplitude of the PN discharge increased, and its duration and time to peak were shorter, as was reported previously (22) . Despite the decrease in inspiratory duration (duration of PN discharge), the increase in expiratory duration was greater, which slowed respiratory frequency. Hyper- † P < 0.05, † † P < 0.01, † † † P < 0.001 vs CN, *P < 0.05 vs 5% CO 2 , ***P < 0.001 vs 5% CO 2 , two-way ANOVA followed by Bonferroni post-hoc multiple comparison test. HGN: hypoglossal nerve; CN: first, second, and third cervical spinal nerves; SLN: external branch of superior laryngeal nerve; RLN: recurrent laryngeal nerve. Modified from Tachikawa et al. (21) with permission.
capnic acidosis also increases the amplitude of nerve discharges in the HGN, CN, SLN, and RLN. In contrast to the effects on PN duration, hypercapnic acidosis markedly advanced the onsets of HGN discharges, resulting in apparent "incremental" pre-inspiratory (pre-I) discharges in the four motor nerves before PN discharge (Fig. 4) , as was reported previously (23) (24) (25) . Similar enhancement of pre-I discharges was seen in the CN, SLN, and RLN; however, onset of the RLN pre-I discharge lagged behind that of the HGN (Table 1) .
The pre-I activity of the abdominal nerve (AbN) represents forced expiration, which occurs only under conditions such as asphyxia and moderate/intense exercise (23) . Under normocapnic conditions, a distinct AbN discharge did not appear in our preparations. After switching to hypercapnia, the AbN pre-I discharge appeared and grew, and was accompanied by emergence of a CN pre-I discharge and prolongation of the respiratory cycle (Fig 5A, 5B) . The duration of the AbN pre-I discharge was positively correlated with the duration of CN pre-I discharge in hypercapnic acidosis (Fig 5C) . Thus, pre-I discharges of the HGN, CN, SLN, and RLN are related to forced expiration. Although we did not discriminate between HGNs involved in tongue protrusion and retraction, hypercapnia was found to induce contraction of the genioglossus (protrudor) and hyoglossus (retractor) muscles (26) (27) (28) . Such coactivation of the protrudor and retractor muscles dilates the pharynx (26, 29) . The CN pre-I discharge causes contraction of infrahyoid muscles fixed to the hyoid bone. This promotes jaw opening and helps secure the airway. Moreover, hypercapnia increased HGN, CN, SLN, and RLN discharges, and PN discharge, during the inspiratory phase. Thus, coordination of HGN activation with that of CN, SLN, and RLN during hypercapnia appears to contribute to dilation of the upper airway both pre-I and during the succeeding inspiratory phase, thus facilitating air ventilation and improving hypercapnic acidosis.
